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Description 

SPLIT-BLADE DATA COLLECTION FOR 

PROPELLER MRI 

Cross Reference to Related Applications 

[0001] The present application claims the benefit of U.S. Ser. No. 

60/481,075 filed July 9, 2003. 
Background of Invention 

[0002] The present invention relates generally to a method of MR 
imaging and, more particularly, to a method and appara- 
tus of split-blade data collection for PROPELLER MRI. 

[0003] when a substance such as human tissue is subjected to a 
uniform magnetic field (polarizing field B q ), the individual 
magnetic moments of the spins in the tissue attempt to 
align with this polarizing field, but precess about it in 
random order at their characteristic Larmor frequency. If 
the substance, or tissue, is subjected to a magnetic field 
(excitation field E^) which is in the x-y plane and which is 
near the Larmor frequency, the net aligned moment, or 
"longitudinal magnetization", M , may be rotated, or 



"tipped", into the x-y plane to produce a net transverse 
magnetic moment IVL A signal is emitted by the excited 
spins after the excitation signal is terminated and this 
signal may be received and processed to form an image. 
[0004] when utilizing these signals to produce images, magnetic 
field gradients (G , G , and G ) are employed. Typically, 

x y z 

the region to be imaged is scanned by a sequence of 
measurement cycles in which these gradients vary accord- 
ing to the particular localization method being used. The 
resulting set of received NMR signals are digitized and 
processed to reconstruct the image using one of many 
well known reconstruction techniques. 

[0005] Fast Spin Echo (FSE) imaging is an imaging technique 

commonly used as an efficient method of collecting MRI 
data with minimal artifact. Generally, FSE requires that the 
refocusing B i pulses be applied between each echo such 
that their phase is substantially identical to that of the ini- 
tial spin phase after excitation, commonly referred to as 
the "CPMG" condition. If this condition is not met, the re- 
sulting MR signal is general highly sensitive to the 
strength of B , and therefore will generally decay rapidly 
in successive echoes. 

[0006] As a result, FSE imaging with diffusion weighting 



(FSE-DWI) may be difficult, in general, since even minute 
patient motion during application of diffusion weighting 
gradients leaves the spins with a spatially varying and un- 
known starting phase prior to the spin-echo train. A num- 
ber of imaging techniques have been developed that alters 
the phase of the refocusing pulses to attempt to delay the 
inevitable signal decay. However, these known techniques 
have been shown to prolong the signal magnitude, but, in 
general, cause a spatially varying phase which alternates 
between successive echoes, i.e. the signal in odd echoes 
encode an additive phase a(x,y), and even echoes encode 
the opposite phase -a(x,y). This makes combining the two 
sets of echoes difficult. 
[0007] FSE imaging is an imaging technique that has been imple- 
mented with a number of pulse sequence designs. For ex- 
ample, one FSE technique, which is commonly referred to 
as Periodically Rotated Overlapping Parallel Lines with En- 
hanced Reconstruction (PROPELLER) imaging, encodes an 
MR signal by collecting data during an echo train such 
that a rectangular strip, or "blade", through the center of 
k-space is measured. This strip is incrementally rotated in 
k-space about the origin in subsequent echo trains, 
thereby allowing adequate measurement of the necessary 



regions of k-space for a desired resolution. 

[0008] Referring now to Fig. 5, a portion of a conventional pulse 
sequence 108 to acquire MR data in accordance with a 
PROPELLER protocol is shown. It should be noted that the 
phase encoding pulses, balancing gradients, and gradient 
crushers are not shown. The pulse sequence 108, in the 
illustrated example, is designed to acquire 12 spin- 
echoes 110 from a region of interest. The spin-echoes are 
all collected relative to single axis, e.g. G . In this regard, 
the 12 spin-echoes include odd spin-echoes as well as 
even spin-echoes. Each spin-echo 110 is acquired follow- 
ing an RF refocussing pulse 112 and during a frequency 
encoding pulse 114 a series of which are played out dur- 
ing steady-state conditions. The spin echo data is used to 
fill k-space which is schematically represented in Fig. 6. 

[0009] pig. 6 illustrates schematically a k-space 116 to be filled 
with MR data. With a conventional PROPELLER protocol, 
each echo acquired corresponds to a single line 118 of k- 
space 116. As such, for a 12 spin-echo data acquisition, 
each blade 120 of k-space includes 12 lines of data. In 
the illustrated example, each dashed line 122 represents 
an odd spin-echo trajectory and the solid lines 124 repre- 
sent the even spin-echo trajectories. As shown, the even 



spin-echoes 124 are placed in a center of the k-space 
blade 120 and the odd spin-echoes 122 are placed about 
a periphery of the even spin-echo lines 124. 

[0010] As is well-known, PROPELLER based imaging implements 
a rotation of the blades of k-space data with each echo- 
train. In this regard, the blade of k-space will be incre- 
mentally rotated about the center 126 of k-space with 
each echo-train acquisition until k-space is filled. When 
the k-space is filled, the MR data will undergo at least one 
of a number of known transformation techniques to gen- 
erate an imaging space used to reconstruct an image of 
the subject. As discussed below, this protocol and pro- 
cessing is sufficient when a combination transmit/receive 
coil is used; however, is problematic when the MR study 
calls for separate transmit and receive coils. 

[° 011 ] It has been shown that the phase difference between the 
transmitter and receiver coil of the MR system to acquire 
the data is the same (e.g. with a T/R coil), odd and even 
lines of k-space can be combined into a single blade de- 
spite the presence of the +/-oc(x,y) phase referenced 
above. Customarily, a Fourier process is implemented that 
exploits the conjugate symmetry between the odd and 
even lines of k-space. However, if data are collected using 



a separate transmit and receive coil, such that the relative 
phase difference between the refocusing pulses and the 
receiver is spatially varying, the Fourier process is un- 
workable. Thus, PROPELLER FSE-DWI as well as other simi- 
lar constructed pulse sequences based on FSE imaging 
techniques have thus far been limited to use with a single 
transmit-receive coil. Further, it has been shown insuffi- 
cient to simply use separate receive coils because artifacts 
will appear in the reconstructed image wherein the sever- 
ity of the artifact will be a function of the relative change 
in phase between the transmit and receive coils. 
[0012] it would therefore be desirable to have a system and 
method of MR imaging implementing a PROPELLER or 
similar imaging protocol with a separate transmit and re- 
ceive coils for data acquisition with reduced or minimal 

image artifact. 
Brief Description of Invention 

[0013] The present invention provides a system and method of 
MR imaging particularly applicable with FSE protocols that 
overcome the aforementioned drawbacks. Odd and even 
echoes are used to create separate blades or rectangular 
strips in k-space. Preferably, each blade extends through 
the center of k-space. The blades are incrementally ro- 



tated about the center of k-space with each echo train 
until a full set of k-space data is acquired. After a phase 
correction, corresponding odd and even blades of respec- 
tive region of k-space are combined into a single blade of 
k-space data that is used for image reconstruction. 

[0014] Therefore, in accordance with one aspect of the present 
invention, a method of diffusion weighted MR imaging in- 
cludes the step of, for each echo train, splitting MR data 
acquisition into non-parallel odd and even echo acquisi- 
tion blades. The method also includes the steps of, for 
each subsequent echo train, rotating the blades of data 
acquisition about an origin point with respect to a previ- 
ous acquisition and combining data collected from each 
odd and even data acquisition into a composite set of MR 
data for reconstruction. 

[0015] According to another aspect of the invention, an MR ap- 
paratus includes a magnetic resonance imaging (MRI) sys- 
tem having a plurality of gradient coils positioned about a 
bore of a magnet to impress a polarizing magnetic field 
and an RF transceiver system and an RF switch controlled 
by a pulse module to transmit RF signals to an RF coil as- 
sembly to acquire MR images. The apparatus also includes 
a computer programmed to segment acquisition of each 



echo train into an odd section and an even section, 
wherein each section at least extends through an origin 
point, acquire a segment of data, and rotate each seg- 
mented acquisition a prescribed interval about the origin 
point for each subsequent echo train. The computer is 
also programmed to combine MR data from correspond- 
ing odd and even sections into a composite set of MR data 
and reconstruct an image from the composite set. 

[0016] | n accordance with another aspect of the present inven- 
tion, a computer readable storage medium having stored 
thereon a computer program comprising instructions 
which when executed by a computer cause the computer 
to, for each echo train, segment data acquisition into an 
odd data acquisition and even data acquisition. The in- 
structions further cause the computer to associate a strip 
of k-space extending through a center of k-space for 
each data acquisition and rotate the strip of k-space for 
the odd data acquisition and the even data acquisition for 
each subsequent echo train. The computer is then caused 
to combine parallel strips of data collected for each odd 
and even acquisition into a composite set of MR data for 
image reconstruction. 

[0017] various other features, objects and advantages of the 



present invention will be made apparent from the follow- 
ing detailed description and the drawings. 
Brief Description of Drawings 

[0018] The drawings illustrate one preferred embodiment 

presently contemplated for carrying out the invention. 
[0019] In the drawings: 

[0020] Fig. 1 is a schematic block diagram of an MR imaging sys- 
tem for use with the present invention. 

[0021] F ig. 2 illustrates a portion of a split-blade PROPELLER 

pulse sequence in accordance with the present invention. 

[0022] Fig. 3 is a schematic representation of a k-space filling 
scheme for the pulse sequence illustrated in Fig. 2. 

[0023] Fig. 4 illustrates a portion of a split-blade PROPELLER 

variant pulse sequence in accordance with the present in- 
vention. 

[0024] Fig. 5 illustrates a portion of a prior art PROPELLER pulse 
sequence. 

[0025] Fig. 6 illustrates a prior art k-space filling scheme for the 

pulse sequence illustrated in Fig. 5. 
Detailed Description 



[0026] Referring to Fig. 1, the major components of a preferred 
magnetic resonance imaging (MRI) system 10 incorporat- 



ing the present invention are shown. The operation of the 
system is controlled from an operator console 12 which 
includes a keyboard or other input device 13, a control 
panel 14, and a display screen 16. The console 12 com- 
municates through a link 18 with a separate computer 
system 20 that enables an operator to control the produc- 
tion and display of images on the display screen 16. The 
computer system 20 includes a number of modules which 
communicate with each other through a backplane 20a. 
These include an image processor module 22, a CPU 
module 24 and a memory module 26, known in the art as 
a frame buffer for storing image data arrays. The com- 
puter system 20 is linked to disk storage 28 and tape 
drive 30 for storage of image data and programs, and 
communicates with a separate system control 32 through 
a high speed serial link 34. The input device 13 can in- 
clude a mouse, joystick, keyboard, track ball, touch acti- 
vated screen, light wand, voice control, or any similar or 
equivalent input device, and may be used for interactive 
geometry prescription. 
[0027] The system control 32 includes a set of modules con- 
nected together by a backplane 32a. These include a CPU 
module 36 and a pulse generator module 38 which con- 



nects to the operator console 12 through a serial link 40. 
It is through link 40 that the system control 32 receives 
commands from the operator to indicate the scan se- 
quence that is to be performed. The pulse generator 
module 38 operates the system components to carry out 
the desired scan sequence and produces data which indi- 
cates the timing, strength and shape of the RF pulses pro- 
duced, and the timing and length of the data acquisition 
window. The pulse generator module 38 connects to a set 
of gradient amplifiers 42, to indicate the timing and shape 
of the gradient pulses that are produced during the scan. 
The pulse generator module 38 can also receive patient 
data from a physiological acquisition controller 44 that 
receives signals from a number of different sensors con- 
nected to the patient, such as ECC signals from electrodes 
attached to the patient. And finally, the pulse generator 
module 38 connects to a scan room interface circuit 46 
which receives signals from various sensors associated 
with the condition of the patient and the magnet system. 
It is also through the scan room interface circuit 46 that a 
patient positioning system 48 receives commands to 
move the patient to the desired position for the scan. 
[0028] The gradient waveforms produced by the pulse generator 



module 38 are applied to the gradient amplifier system 42 
having G x , G y , and amplifiers. Each gradient amplifier 
excites a corresponding physical gradient coil in a gradi- 
ent coil assembly generally designated 50 to produce the 
magnetic field gradients used for spatially encoding ac- 
quired signals. The gradient coil assembly 50 forms part 
of a magnet assembly 52 which includes a polarizing 
magnet 54 and a whole-body RF coil 56. A transceiver 
module 58 in the system control 32 produces pulses 
which are amplified by an RF amplifier 60 and coupled to 
the RF coil 56 by a transmit/receive switch 62. The result- 
ing signals emitted by the excited nuclei in the patient 
may be sensed by the same RF coil 56 and coupled 
through the transmit/receive switch 62 to a preamplifier 
64. The amplified MR signals are demodulated, filtered, 
and digitized in the receiver section of the transceiver 58. 
The transmit/receive switch 62 is controlled by a signal 
from the pulse generator module 38 to electrically con- 
nect the RF amplifier 60 to the coil 56 during the transmit 
mode and to connect the preamplifier 64 to the coil 56 
during the receive mode. The transmit/receive switch 62 
can also enable a separate RF coil (for example, a surface 
coil) to be used in either the transmit or receive mode. 



[0029] The MR signals picked up by the RF coil 56 are digitized 

by the transceiver module 58 and transferred to a memory 
module 66 in the system control 32. A scan is complete 
when an array of raw k-space data has been acquired in 
the memory module 66. This raw k-space data is rear- 
ranged into separate k-space data arrays for each image 
to be reconstructed, and each of these is input to an array 
processor 68 which operates to Fourier transform the data 
into an array of image data. This image data is conveyed 
through the serial link 34 to the computer system 20 
where it is stored in memory, such as disk storage 28. In 
response to commands received from the operator con- 
sole 12, this image data may be archived in long term 
storage, such as on the tape drive 30, or it may be further 
processed by the image processor 22 and conveyed to the 
operator console 12 and presented on the display 16. 

[0030] The present invention provides a system and method of 

MR imaging particularly applicable with FSE protocols such 
as PROPELLER and variants of PROPELLER such as "TURBO- 
PROP" Diffusion Weighting. Odd and even echoes are used 
to create separate blades or strips in k-space. Preferably, 
each blade extends through the center of k-space. The 
blades are incrementally rotated about the center of k- 



space with each echo train until a full set of k-space data 
is acquired. After a phase correction, all odd and even 
blades are combined into a single k-space data set that is 
used for image reconstruction. 

[0031] Preferably, each blade or strip of k-space will be similarly 
sized. That is, the blades for the odd echoes will occupy 
an equivalent sized portion of k-space than the blades for 
the even echoes. Additionally, k-space is organized into a 
number of sections whereupon each section includes or is 
composed of odd echoes or even echoes. Moreover, the 
lines of k-space within each section are parallel with re- 
spect to one another. As will be described in greater detail 
below, the odd and even sections are perpendicularly ori- 
ented with respect to one another in k-space. With each 
echo train, even and odd echoes are acquired. After each 
train that is acquired, the odd and even blades are rotated 
about an origin point As such, k-space is filled over a se- 
ries of echo trains. The odd and even sections of the filled 
k-space that are parallel with one another are then com- 
bined to form a single combined blade of data. This com- 
bined data set, as will be described, is then used in the 
image reconstruction process. 

[0032] Further, each blade is preferably twice as narrow as a sin- 



gle composite blade that combines both odd and even 
echoes. The two split blades (from odd and even echoes) 
may measure the same area of k-space, or may be rotated 
with respect to each other in k-space. For example, in one 
embodiment, the blades or strips of k-space for the odd 
echoes are perpendicularly (orthogonally) arranged rela- 
tive to the blades or strips of k-space for the even echoes. 
With either implementation, image SNR does not suffer 
from splitting the odd and even echoes into separate 
blades. 

[0033] The organization of k-space acquisition into blades of 

odd echoes and blades of even echoes allows PROPELLER 
FSE-DWI to be used with surface coils or phased array 
coils without loss in SNR or minimum scan time. This is 
particularly advantageous for whole body applications, 
multi-channel head coils, and parallel imaging. Addition- 
ally, the present invention optimizes signal acquisition. 
That is, by splitting odd and even echoes, and recombin- 
ing the echoes into a composite data set after phase cor- 
rection utilizes the entirety of the MR signal thereby pre- 
venting portions of the MR signal being discarded and not 
used for imaging. Simply, the MR signal is not crushed as 
is customary for other imaging protocols. Further, the 



heretofore described imaging technique and k-space data 
acquisition protocol is equivalently applicable with "TUR- 
BOPROP" imaging techniques as well as other variants of 
the PROPELLER protocol. 
[0034] Referring now to Fig. 2, a portion of a split-blade PRO- 
PELLER protocol is illustrated for a 12 spin-echo data ac- 
quisition. The pulse sequence 70 is constructed such that 
12 spin-echoes of a spin-echo train 72 are acquired each 
repetition interval (TR). However, one skilled in the art will 
readily recognize that fewer or more than 12 spin-echoes 
may be acquired during each TR depending upon the pa- 
rameters of the MR study and that a 12 spin-echo train il- 
lustrates one embodiment of the present invention. In 
contrast to that described with respect to Fig. 5, pulse se- 
quence 70 is designed such that the echo train acquisition 
is segmented into an odd data acquisition or section 74 
and an even data acquisition or section 76. In the illus- 
trated example, the collective number of even and odd 
spin-echoes 78, 80, respectively, corresponds to the total 
number of spin-echoes in the echo train. Accordingly, 
only one spin-echo is collected after each imaging RF 
pulse 82 and each frequency encoding or readout gradi- 
ent 84. In this regard, the acquisition of the odd and even 



spin-echoes is interleaved throughout the imaging RF 
pulse train. 

[0035] Referring now to Fig. 3, the filling of k-space in accor- 
dance with the above described pulse sequence is illus- 
trated. K-space 86, in the illustrated embodiment, corre- 
sponds to data collected along a kx-ky axis. In the illus- 
trated example, the odd spin-echoes are collected relative 
to a G axis and the even spin-echoes are collected rela- 

X 

tive to a G axis. Each line of k-space corresponds to a 

y 

single spin-echo acquired. The lines of k-space associ- 
ated with a single echo train correspond to or comprise a 
single blade or strip of k-space. Therefore, in the illus- 
trated example, each blade 88, 90 has 6 lines of data. The 
width or occupied region of k-space of each blade is simi- 
lar. Therefore, a blade comprising both odd and even 
spin-echoes would be equivalent to a single blade of non- 
segmented MR data such as that discussed and shown 
with respect to Fig. 6. 
[0036] As illustrated, the blade 88 of odd spin-echoes is posi- 
tioned in k-space orthogonally from blade 90, the even 
spin-echoes. However, the blades may be positioned non- 
orthogonally from one another. As discussed above, each 
blade of k-space is acquired during each echo train. To fill 



the entirety of k-space 86, the blades 88, 90 are rotated 
incrementally, around the center 92 of k-space. As such, 
with each data acquisition, both even and odd, the relative 
center of k-space 94 is reacquired or re-sampled which is 
advantageous for image quality. As the blades 88, 90 are 
rotated about origin point 92 with each subsequent echo 
train, k-space 86 is filled. With a 90 degree rotation of 
blades 88, 90 through subsequent TRs, a full k-space 
data set may be acquired that may be transformed into an 
imaging space for image reconstruction. 
[0037] As discussed above, separate transmit and receive coils 
are problematic for conventional PROPELLER imaging. The 
present invention implements a blade-by-blade phase 
correction to remove both the bulk-motion-related phase 
from diffusion weighting and the phase inherent in each 
receiver of the MR system. That is, the phase correction 
process removes the M-phase typically associated with 
the motion of diffusion weighting gradients as well as the 
RT-phase variations typically associated with the differ- 
ences in phase of the transmitter and receiver. Known 
phase correction techniques have been developed to cor- 
rect the M-phase; however, it has been shown that these 
same phase correction techniques may be used to remove 



the RT-phase variations resulting between separate trans- 
mit and receive coils. As a result, the blades from the odd 
and even spin echoes may be combined in the same im- 
age with little, if any, time or SNR penalty. 
[0038] Referring now to Fig. 4, a portion of a pulse sequence for 
a "TURBOPROP" implementation of the present invention is 
shown. Pulse sequence 96 is similar to the pulse sequence 
illustrated in Fig. 2; however, amplitude varying echoes 98 
are acquired following each refocusing pulse 100 and 
readout pulse 102. As such, variable width odd and even 
blades 104, 106, respectively, of k-space are acquired 
during each echo train. Similar to the PROPELLER process 
described above, the blades are rotated with each TR such 
that the center of k-space is sampled each TR. As de- 
scribed above, the blades are segmented into odd and 
even data acquisitions. Each blade is then phase corrected 
before being combined to form a single blade of data for 
image reconstruction. In addition, by separating the odd 
and even echoes into separate blades, the data from the 
odd echoes, which tend to vary with E$ i inhomogeneities, 
can be removed as desired in the final reconstruction us- 
ing a correlation-based weighting. This weighting tech- 
nique, which is equivalently applicable with PROPELLER, 



adds data from different blades non-uniformly in areas of 
blade overlap. 

[0039] Therefore, in accordance with one embodiment of the 
present invention, a method of diffusion weighted MR 
imaging includes the step of, for each echo train, splitting 
MR data acquisition into non-parallel odd and even echo 
acquisition blades. The method also includes the steps of, 
for each subsequent echo train, rotating the blades of 
data acquisition about an origin point with respect to a 
previous acquisition and combining data collected from 
each odd and even data acquisition into a composite set 
of MR data for reconstruction. 

[0040] According to another embodiment of the invention, an MR 
apparatus includes a magnetic resonance imaging (MRI) 
system having a plurality of gradient coils positioned 
about a bore of a magnet to impress a polarizing mag- 
netic field and an RF transceiver system and an RF switch 
controlled by a pulse module to transmit RF signals to an 
RF coil assembly to acquire MR images. The apparatus 
also includes a computer programmed to segment acqui- 
sition of each echo train into an odd section and an even 
section, wherein each section at least extends through an 
origin point, acquire a segment of data, and rotate each 



segmented acquisition a prescribed interval about the ori- 
gin point for each subsequent echo train. The computer is 
also programmed to combine MR data from correspond- 
ing odd and even sections into a composite set of MR data 
and reconstruct an image from the composite set. 

[0041] | n accordance with another embodiment of the present in- 
vention, a computer readable storage medium having 
stored thereon a computer program comprising instruc- 
tions which when executed by a computer cause the com- 
puter to, for each echo train, segment data acquisition 
into an odd data acquisition and even data acquisition. 
The instructions further cause the computer to associate a 
strip of k-space extending through a center of k-space 
for each data acquisition and rotate the strip of k-space 
for the odd data acquisition and the even data acquisition 
for each subsequent echo train. The computer is then 
caused to combine parallel strips of data collected for 
each odd and even acquisition into a composite set of MR 
data for image reconstruction. 

[0042] T ne present invention has been described in terms of the 
preferred embodiment, and it is recognized that equiva- 
lents, alternatives, and modifications, aside from those 
expressly stated, are possible and within the scope of the 



appending claims. 



